This paper deals with the problems of "explosion of term, " uncertain parameter in static synchronous compensator (STATCOM) system with nonlinear time-delay. An improved adaptive controller is proposed to enhance the transient stability of system states and reduce computational complexity of STATCOM control system. In contrast to backstepping control scheme in high order systems, the problem of "explosion of term" is avoided by designing dynamic surface controller. The low pass filter is included to allow a design where the model is not differentiated and thus has prevented the mathematical complexities effectively. In addition, unlike the traditional adaptive control schemes, the certainty equivalence principle is not required for estimating the uncertain parameter by system immersion and manifold invariant (I&I) adaptive control. A smooth function is added to ensure that the estimation error converges to zero in finite time. The effectiveness of the proposed controller is verified by the simulations. Compared with adaptive backstepping and proportion integration differentiation (PID), the oscillation amplitudes of transient response are reduced by nearly half, and the time of reaching steady state is shortened by at least 11%.
Introduction
As a member of flexible alternate current transmission system (FACTS), static synchronous compensator (STATCOM) is being widely used to compensate the reactive power with fast response time by generating or absorbing reactive power continuously in a power system [1] [2] [3] . Particularly in sustainable transportation systems, the STATCOM can also be used, such as energy storage [4] , renewables integration [5] , synergy between electric vehicles, and power systems [6] . It is an effective way of reducing voltage flicker emissions at the point of common coupling (PCC), removing the external fluctuations, and improving the transient stability of system states. However, as dealing with the real STATCOM control problem, the designers are unavoidably to face the difficulties involving uncertain parameter, nonlinear time delay, and complex mathematical models. The nonlinear time-delay is caused by smoothing the harmonic currents and harmonic voltage by using the digital filtering, calculating mean value of each DC voltage and transmitting to protection control unit.
The time-delay ranges from 0.01 s to 0.04 s. Furthermore, the damping coefficient is difficult to measure accurately in practice, which can be seen as uncertain parameter. Last but most important, since the mathematical modeling is more complicated, the computing complexity is improved significantly in designing STATCOM controller. Therefore, it is a hotspot to study an advanced, reliable, and low complex nonlinear control scheme for STATCOM.
Recently, adaptive backstepping control has been shown as an effective scheme to design STATCOM controllers while keeping better performance [7, 8] . This method is a vast of research, which is adapted by some intelligent methods, for example, least-squares estimation [9] and various kalman filtering approaches [10] [11] [12] . Some STATCOM controllers are designed by using backstepping technique involving the nonlinear robust control law and a new estimator to estimate the uncertain parameters [13] [14] [15] . However, in the real STATCOM system, nonlinear time-delay is an important factor that these adaptive backstepping schemes did not include. Moreover, the adaptive backstepping is 2 Mathematical Problems in Engineering flawed with two shortcomings. Frist, the strong coupling between state variables and estimation errors existed in constructing the control Lyapunov function (CLF) for estimating the uncertain parameter. If the estimator is fixed, the estimation error will be accumulated and the error of coupling term will in turn be accumulated as running time increases [16] . Second, backstepping technique involves model differentiation in STATCOM control system and thus has suffered the "explosion of term. " So the computational processes of nonlinear controller leads to high complexity.
The method named the system immersion and manifold invariant (I&I) adaptive control is developed in [17] . Since the knowledge of the CLF is not required by this method, the problem of the oscillation of states caused by the coupling between state variables and estimation error can be avoided. It has been proved that transient stability of the system can be guaranteed even if estimators reach the limit of its capacity [14] . Therefore, for nonlinear STATCOM system in adaptive law design, this I&I adaptive control can be adopted to estimate uncertain parameter by designing a smooth function to offset the estimation error. Moreover, the stability and the convergence of the adaptive law are achieved by requiring the estimation error to converge to zero in the finite time.
To overcome the "explosion of term" caused by adaptive backstepping control, the method called dynamic surface control was developed to simplify the controller design where model differentiation can be avoided in higher systems [18] . The low pass filters are included to allow a design where the model is not differentiated, at the same time, avoiding the high computing complexity caused by the "explosion of term. " For a class of pure-feedback nonlinear systems, the problem explosion of complexity has been solved by using the dynamic surface technique in [19] . Moreover, semiglobal uniform ultimate boundedness of all signals is guaranteed in the closed-loop system. However, the dynamic surface control cannot be applied to nonlinear STATCOM systems with uncertain parameter; it also did not consider the problem of nonlinear time delay.
In this paper, an improved adaptive controller is proposed to improve stability of STATCOM system by simultaneously addressing the problems involving "explosion of term, " uncertain parameter, and nonlinear time-delay. The low pass filters are included to allow a design where the model is not differentiated based on dynamic surface control, at the same time, avoiding the "explosion of term" caused by model differentiation. Furthermore, based on the I&I adaptive control, the existing uncertain parameter is estimated in adaptive law design. The designed adaptive law can ensure that the estimation error converges to zero in finite time. Moreover, the nonnegative time-delay function is introduced to overcome the effect of nonlinear time delay and achieve the best possible control performance. It is proved that all the state variables are globally bounded and converge to the equilibrium points by using the proposed controller. The simulation results show that transient stability and the convergence speed of the system state variables are improved effectively by the proposed controller. 
System Model and Control Objective
Consider the single-machine infinite-bus system with STAT-COM shown in Figure 1 [20] , where is the alternating current generator and is the transformer.
It is clearly shown that the STATCOM is installed on the grid, which can instantly and continuously provide variable reactive power in response to voltage transients, supporting the stability of grid voltage.
Its mathematical equivalent system dynamic model can be expressed in (1) by the following nonlinear differential equations:
where is delay time and the three state variables are generator rotor angle , generator rotor angular speed , and reactive current where transient responses will be tracked. It is noted that the vector [ 0 , 0 , 0 ] is the steady-state operating point. This implies that the steady operation point is the desired value or objective value [20, 21] . The parameters in (1) are expressed in Appendix A.
To simplify model (1), three state variables are redefined as 1 = − 0 , 2 = − 0 , and 3 = − 0 . The model (1) can be rewritten aṡ
where
The damping coefficient cannot be measured accurately in STATCOM system and the inertia is a constant. Therefore, the expression = − / is also the uncertain parameter.
The objective of designing STATCOM controller is to guarantee that all the state variables are globally bounded and converge to the desired points. This implies that generator rotor angle, generator rotor angular speed, and reactive current of the STATCOM can be adjusted to the equilibriums in the finite time.
Design of STATCOM Controller
Three are three sections to introduce our proposed controller in designing robust controller. In Section 3.1, I&I adaptive control is adopted for designing adaptive law. In Section 3.2, dynamic surface control is used for designing control law. In Section 3.3, the stability of STATCOM control system is verified.
Design of the Adaptive Law.
The method I&I adaptive control can be adopted to the estimate uncertain parameter with the adaptive law design. By adopting this method, the uncertain parameter is estimated in the following steps.
Define a manifold as
where is the uncertain parameter,̂is the estimation value of , and ( 1 , 2 ) is the smooth function to be designed. The derivative of (4) iṡ
In order to cancel the parameter-independent terms,̇is designed aṡ
Substituting (6) into (5), (5) can be rewritten aṡ
Lemma 1. Define a candidate Lyapunov function (CLF)
By selecting the smooth function
Proof. Theoretically, we have large flexibility in selecting
Since the derivative of the CLF (8) is negative semidefinite, the manifold can converge to zero in finite time based on Lyapunov theorem. As a result, we have lim → ∞ ( ) = 0 Lemma 1 holds.
Remark 2. By using the designed smooth function, the manifold can converge to zero in finite time; that is lim → ∞ ( ) = 0, based on Lyapunov stability theorem. Therefore, based on the theory of immersion and manifold invariant (I&I) adaptive control, the manifold ( ) =̂− + ( 1 , 2 ) = 0 is invariant when lim → ∞ ( ) = 0, and thus the parametric form manifold = {( ,̂) ∈ 3 × 1 | − + ( 1 , 2 ) = 0} is invariant and attractive [9, 10] .
Design of the Control Law.
Based on dynamic surface control, we can design control law ( ) in three steps.
Step 1. Error variables ( = 1, 2, 3) can be defined as the following: 
Choose the first CLF as
The derivative of 1 along with (12) iṡ
Take the stabilizing function 2 * as
where 1 is a nonnegative constant. It can be seen clearly thaṫ
Step 2. The second energy storage function with respect to Lyapunov function is
The derivative of 2 iṡ
Substituting (11) and (14) into (16), the equation above is manipulated aṡ
To guarantee this second-order subsystem satisfying Lyapunov stability, the stabilizing function 3 * must make (17) satisfy the inequality that 2 ≤ 0. And then, 3 * is
Remark 3. It would be a tremendous expansion of terms if derivative of (18) is calculated. The problem of high computational complexity can be caused in the following control law design by using backstepping control. The dynamic surface control can be introduced to design the control law and solve the problem of "explosion of term. "
The low pass filter 1/( + 1) is included to design control law without model differentiation, which can avoid the problem of "explosion of term" that has made other methods difficult to implement in practice.
The stabilizing function 3 * is the output of low-pass filter, and the 3 is the input of low-pass filter. The relationship between 3 * and 3 is
From (19), we can obtain ( 3 * ) = ( 3 − 3 * )/ . The filtering error can be defined as
A CLF involving time-delay nonlinearity, error variables, and filtering error is designed as
where ( ( )) is a nonnegative function. We have the derivative of (21) beinġ (22), we can obtaiṅ
where 3 = −̇3. Define ℎ( 3 ( − )) = | 3 3 ( − )|, where ℎ( 3 ( − )) is a nonnegative time-delay function which can be compensated in the adaptive nonlinear controller design. The nonnegative function can be defined as ( ( )) = | 3 3 3 ( )|, which is a reduced form of satisfying Lyapunov stability, but not the only form. Based on Cauchy-Schwartz inequality theorem, a relational expression can be obtained
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The control law is designed as
where 3 > 0, and is a sign function, which is defined as = −1 when 3 > 0 and = 1 when 3 < 0.
Proof of System Stability

Lemma 4. All of state variables of the closed-loop system are bounded and converge to the equilibrium point, if
3 is bounded, which is denoted as 3 , and then we have (18) and (26) to (25), we can obtaiṅ
Based on Cauchy-Schwartz inequality theorem, (27) can be rewritten as follows:
By designing 1 ≥ , 2 ≥ , 3 ≥ , and 1/ ≥ (1/2) 3 2 + , ≥ 0, we can obtaiṅ
Substituting ≥ 1/4 into (29), (29) can be rewritten aṡ
From (30), we have ( ) ≤ , if (0) ≤ , where ≥ 0. Lemma 4 holds.
In addition, the convergence analysis is also given. From (29), we can geṫ≤
Solve this differential equation as
If → ∞, → 1/4 , and then we have → 1/4 , when → ∞. Furthermore, due to 1/ ≥ (1/2) 3 2 +1/2+ , we can obtain → ∞, when → 0. It is an important basis for design of low pass filter 1/( + 1).
Simulation Results and Discussion
In this section, the simulation model of adaptive nonlinear controller has been established under the MATLAB/Simulink environment for nonlinear STATCOM with nonlinear timedelay. The parameters in (1) (1) Different Control Approaches. The comparison between the proposed dynamic surface method for nonlinear STAT-COM with time-delay based on system immersion and manifold invariant methodology (DSMII) approach and two approaches involving adaptive backstepping (AB) [21] and proportion integration differentiation (PID) [22] were investigated, when = 0.02 s. For the proposed controller, it can be clearly seen that the convergences of transient responses trajectories are achieved and the system tend to be stable state more rapidly after a very short time. Taking Figure 2(c) for example, the transient responses fluctuate fast and tend to be stable after 1.6 s or more under AB and PID. Instead, by using the proposed controller, transient responses fluctuate more smoothly and converge to stable state after 0.6 s, suggesting that the proposed controller results in better system performance. 
Conclusions
This paper presents an improved adaptive controller to address the problems of "explosion of term" and uncertain parameter in static synchronous compensator (STATCOM) with nonlinear time delay. Improvements are achieved in three aspects as follows.
(1) The uncertain parameter is estimated by I&I adaptive control in designing adaptive law, which can ensure that the estimation error converges to zero in finite time.
(2) With regards to "explosion of term" caused by backstepping technology, a low pass filter is included to allow a design where the model is not differentiated by using dynamic surface control.
(3) Furthermore, the proposed method can add a nonnegative time-delay function to compensate the timedelay term, which can avoid the influence of timedelay term and achieve the best possible control performance.
By comparing with some conventional controller, the proposed controller has advantages in terms of enhancing transient stability and reducing computational complexity. Simulations results show that the proposed controller not only is insensitive to time-delay term but also reduces the convergence time and oscillation amplitude. 
B. AB and PID Controller
The AB controller with the control law is The parameters in simulations are given as follows: = 8 s, = 1.108 pu, = 0.03 s = 1.0 kw, = 1 pu, 1 = 0.84 pu, 2 = 0.52 pu, 0 = 57.1 ∘ , 0 = 314.159 rad/s, and
